Spathoglottis plicata is an endangered terrestrial orchid species that have experienced severe threats to its habitat as wild forest sites come under pressure from industrialisation and natural disasters. This orchid species chosen to evaluate their levels of genetic diversity and population genetic structure, which 25-30 accession collected in the different location with different geographical, altitude and habitat. Genomic DNA was extracted from six natural populations (n=172) in Peninsular Malaysia using eleven AFLP markers of EcoRI+3 bases/MseI+3 base primer combinations. Based on 279 polymorphic bands, a significant degree of genetic population differentiation was found, with a 78.5% variation within populations as measured by AMOVA, indicating a potential restricted gene flow. Two distinct clades generated from a UPGMA dendrogram were further investigated through a Bayesian analysis using STRUCTURE software, producing an estimated population structure at optimal value K=4. These results point to the presence of four genetic structures in the Spathoglottis plicata population. The Pahang and Terengganu population revealed a higher than average genetic variation (60.25%), indicating that there may be a robust structural division between the population samples and a possible hybridisation between the Northern (Kedah), Southern (Negeri Sembilan and Johor) and Central (Selangor) region populations. In sum, these results suggest that geographical distance is the primary factor contributing to differences among populations and the need for conservation measures to protect the Spathoglottis plicata species.
Introduction
Spathoglottis is a genus belonging to a family of Orchidaceae, proposed as a genus by Blume in 1825, citing Spathoglottis plicata as the only species. Taxonomists have since identified 40 species, found in the regions of India, South Japan and China, down through the Malay Archipelago, on the islands of the Pacific and in Northern Australia (Teo, 1985; Seidenfaden and Wood, 1992; Comber, 2001) . Six species are reported as native and growing wild in Peninsular Malaysia, of which Spathoglottis plicata is the most common. Spathoglottis plicata is one of many wild orchid species in tropical ecosystems. It is a hardy plant usually found growing wild in open fields, poor grassland areas, roadsides, along streams, or on the edge of rock. It is found throughout Malaysia, in both the lowlands and highlands. However, the wild natural population of the Spathoglottis species in Malaysia has been exposed to many threats such as erosion, construction and adverse environmental conditions, notably as a result of the development of many wild forest areas into industrial sites or large-scale plantations. These could have caused Spathoglottis plicata populations to shrink in size, leading to lower genetic diversity.
Morphologically, the name Spathoglottis plicata refers to the plant's pleated or narrow folded leaf blade called a plicate, which is lanceolate, broad and long. Its flowers are about 4 cm broad; the sepal is slightly narrower than the lateral petal; and colours vary from shades of purple, mauve to white (Teo, 1985; Holttum, 1953) . Distinguishing genetic variations in the Spathoglottis plicata orchid based on morphological characteristics is however unreliable, as the phenotypic expression of these characteristics could have been affected by environmental and developmental conditions. In other words, wild populations of Spathoglottis plicata may have undergone adaptations due to the changing environment, which in turn may have led to significant degrees of genetic variation as well as affecting population size. Because of this possibility, this study uses molecular genetic markers based on genome as an alternative method to characterise and decipher the amount of genetic variations in Spathoglottis plicata populations. Using DNA as markers in a structural analysis of the Spathoglottis species has a number of advantages over traditional morphological markers. Agarwal et al. (2008) suggested that molecular markers based on DNA polymorphism could replace morphology markers, as the former are more informative and independent of environmental conditions. In practice, several molecular markers such as ISSR, RAPD, DNA barcode and AFLP already been used in a broad range of plant species -including the Spathoglottis species (Romeida et al., 2012; Setiawan et al., 2013; Ginibun et al., 2015 and Pimonrat et al., 2012) . Amplified Fragment Length Polymorphism (AFLP) is one of the most popular molecular marker techniques that has various advantages over other DNA-based markers, such as high reproducibility and a high level of polymorphism widely distributed across the genome, with no prior DNA sequence information needed (Jones et al., 1997) . It covers a broad area of the plant genome and produces more independent polymorphic loci in a single analysis than other molecular marker systems (Vos et al., 1995; Sathyanarayana et al., 2011) . The AFLP markers were successfully used in the assessment and determination of genetic diversity and genetic relationships between and within species and wild populations of a wide range of orchid species and hybrids. It is including Phalaenopsis (Chang et al., 2009) , Diuris fragrantissima (Smith et al., 2007) , Liparis loeselli (Pillon et al., 2007) , Dendrobium (Xiang et al., 2003) , Orchis mascula and Orchis purpurea (Jacquemyn et al., 2009 and , Neotinea maculata (Duffy et al., 2009) , Neotinea ustulata (Tali et al., 2006) , and Himantoglossum hircinum (Pfeifer and Jetschlee, 2006) . However, there have been only a few reports on molecular markers been used to study the genetic relationships, genetic differentiation or genetic structure in the Spathoglottis species. Therefore, the aims of this study are to enhance understanding of the genetic variations that have occurred in the existing wild Spathoglottis plicata populations found in different geographical regions of Peninsular Malaysia. In addition, to provide better insights into the factors which contribute to such genetic variation -all with a view to improving the conservation of the wild Spathoglottis plicata population in the future.
Results

Genetic diversity analysis of Spathoglottis plicata populations
The eleven AFLP primer combinations screened enabled us to capture the genetic variations within and between populations and to distinguish clearly all the individuals from the six Spathoglottis plicata populations of Peninsular Malaysia. These resulted in 279 unambiguous scorable polymorphic bands among the 172 Spathoglottis plicata individuals, from 691 bands (Table 3) , all of which provided clear amplification profiles. Polymorphic bands both within and among populations were scored between 40 to 300 bp for each primer pair, which produced a variable bands ranging from 16 (IRD 700 E+CAC/M+CCG) to 30 (IRD 700 E+CAG/M+CCA). An AMOVA conducted on the Spathoglottis plicata population at two hierarchical levels showed the proportions of genetic variation between populations to be higher than those within populations. As Table 4 shows, there was 78.51% of molecular variance between populations, but only 21.49% within populations. The average genetic differentiation between the populations amounted to PHIst = 0.785, and was highly significant (P<0.001). All pairwise genetic distances between populations were significant (P value), with values ranging from 0.3975 to 0.9953, as shown in Table 5 . A UPGMA dendrogram generated with Nei's (1972) unbiased distance values (in supplementary file). The results indicated three possible subclusters, with the Negeri Sembilan and Johor populations grouped together; Kedah clustered as one subgroup with the Selangor population; and Terengganu and Pahang clustered as a further group with possible genetic admixture. The AFLP molecular data were further analysed in order to construct a UPGMA dendrogram between individuals within the six Spathoglottis plicata populations, based on Jaccard coefficient of similarity for pairwise, using PAST software. The corphenetic correlation based on Jaccard similarity measures was 0.9835. The individuals named according to the State they were located in. The UPGMA dendrogram results revealed two distinct clades (Fig 2) . Clade 1 consisted of the Selangor population plus the Kedah, Terengganu and Pahang populations. Clade 2 consisted of the Negeri Sembilan, Johor, Terengganu and Pahang populations. This division could well have arisen due to the geographic separation by the Titiwangsa Range, with the Kedah population representing the Northern population and Terengganu and Pahang representing the Eastern population. One of the clades further subdivided into two distinct clusters -Negeri Sembilan and Johor representing the southern region, and Terengganu and Pahang representing the eastern region. This suggests that these populations could have diverged only recently.
Structure analysis of Spathoglottis plicata populations
It is noteworthy that both eastern region (Pahang and Terengganu) populations were present in both clusters. A further AMOVA analysis therefore conducted to determine the variation between the populations. The detailed results of this AMOVA and the related cluster analysis shown in Table 6 .
These populations showed significant differences at P<0.001. The molecular variance between the populations of Terengganu and Pahang was only 39.75%, but within these populations was 60.25%. The genetic differentiation averaged for the overall loci amounted to PHIst = 0.397. All this indicates that the variations were higher within the Terengganu and Pahang populations than between these two populations. It will be important to understand these significant genetic variations between individuals in these two populations and to take account of these in conservation planning. Further describe the genetic relationships between the populations; a detailed classification of the six Spathoglottis plicata populations was produce through a Bayesian analysis conducted with the commonly used STRUCTURE 2.3.3 tool. The number of inferred groups was set at value K, ranging from 1 to 6 in line with the number of populations. The STRUCTURE analysis applied using the four-step graphical Evanno method to allow the detection of the true number of group K, as shown in Fig 3. The results produced two peaks in the graph representing the structure at K=2 and the substructure at K=4. The estimated population structure at K=4 is shown in Fig 4. In sum, it proved possible to locate the presence of the Spathoglottis plicata population using the 279 AFLP loci in this study. The Negeri Sembilan and Johor populations emerged as belonging to the same genetic group. The Kedah and Selangor populations represented two different genetic groups. Interestingly, Terengganu had a mixture of genetic groups from both the Northern and Southern region, whereas the Pahang populations showed three different mixtures of genotype shared with those from Kedah and Selangor. Overall, the results show four genotypes occurring in the population samples from the different geographical regions, namely: Northern (Kedah), Southern (Negeri Sembilan and Johor), Central (Selangor) and Eastern (Pahang).
Discussion
An analysis of AFLP data from a combination of eleven primers revealed significant differences in genetic variation between and within the six populations and individuals of Spathoglottis plicata. The AMOVA results showed a relatively high differentiation value within the Spathoglottis plicata populations (Fst= 0.785) -higher for example than other terrestrial species of Pseudorchis albida in Ireland (ϕpt = 0.306) (Duffy et al., 2011) or Spiranthes romanzoffiana elsewhere in Europe (overall mean GST = 0.187) (Forrest et al., 2004) . This could be because gene flows among individuals giving rise to higher genetic variations have been limited between geographical ranges. The higher genetic variation shown between and within the Spathoglottis plicata populations could imply that this species is predominantly outcrossing. Hamrick and Godt (1990) believed that plants typically display high genetic diversity if they have a wide geographical range of outcrossing. Spathoglottis plicata and the other similar species believed by Forbes (1884), Ridley (1930) and Lord (1981) to be both outcrossing and selfpollinating species. A degree of outcrossing is important when facing an unstable habitat. However, some Spathoglottis plicata populations may also reproduce through various forms of self-pollination due to the absence of pollinators. As a result, these populations could become genetically uniform, and their survival may be dependent on the availability of suitable habitat and mass seed production. Our AMOVA and STRUCTURE analyses indicate the genetic isolation of populations located at a distance from each other, with higher variations within populations than between them. Spathoglottis plicata is reported to be one of the most widespread species of orchid, with many cultivated varieties in Asia Pacific countries, as described by Ridley (1907) , Holttum (1953) , Teo (1985) , Comber (1990 Comber ( , 2001 and Yong (1993) . It is widely distributed throughout Peninsular Malaysia, from the North to South and Eastern to Western regions. This is probably a rare long distance seed dispersal event facilitated by wind or human factors. This species has been found with differences in size, colour and in some details of the flower shape, reflecting independent variations in the colour of petals and sepals, side lobes and the callus of the lip. Gene flow constraints could also influence the species. Hamrick and Godt (1989) proposed that reproductive biology is a key factor in determining the genetic structure of plant population. Breeding systems could also be major factor influencing the level of genetic diversity within a species. STRUCTURE is a simple approach that allows the use of dominant markers such as AFLPs (Falush et al., 2007) to cluster individuals in populations. A STRUCTURE analysis provided a solid basis for identifying the six populations of Spathoglottis plicata, with consistent improvements in the probability function for the run with the K=4 value. Only one genotype found to be dominant in the Spathoglottis plicata populations in the States of Johor and Negeri Sembilan (Southern region). The populations in Kedah (Northern region) and Selangor (Central region) meanwhile showed up two different dominant genotypes. A further dominant genotype found in Pahang (Eastern region). Finally, the Terengganu populations shared a mixture of dominant genotypes from both the Southern and Northern regions. Geographically, Northern, Eastern and Southern Peninsular Malaysia have different distributions of Spathoglottis plicata in terms of range, altitude, climate and habitat, including rainfall and soil taxonomy. The topography of Peninsular Malaysia is characterized by central mountain ranges running from north to south. Literature generally describes Spathoglottis plicata as a lowland plant, but it can also found growing in mountain habitats. For our study, the Johor (SPJ) and Negeri Sembilan (SPN9) populations sampled from lowland locations, whereas the Kedah (SPK) one was from a mountainous area. The Selangor (SPS) populations propagated in a nursery. The Terengganu (SPT) population sampled in an open space, but found to be a genetic mixture of lowland and highland populations. The Pahang (SPP) population meanwhile sampled at different latitude. Another factor that could contribute to differentiation of genotypes is soil taxonomy, which differs between the various regions. The soils of Malaysia can be divide broadly into two groups: (a) sedentary soils formed in the interior on a wide . The Northern region has various categories of sedentary soil, whereas the Southern region has bris soil. Terengganu and Pahang have alluvium and granite soil at high and low elevations. Sedentary soils develop on igneous, sedimentary and metamorphic rocks, and strongly weathered with mostly kaolinitic clay minerals. Sedentary soils fall into a number of categories, including predominantly finetextured clay and clay loam soils; peat and organic soils; acid sulphate soils scattered along the west coast plains; and sandy soils (bris soils) spread along the east coast of Peninsular Malaysia. Genetic diversity within and between populations may be influenced by habitat variability, through a process of differential gene flow and other factors. Gene flow may have increased genetic diversity within the populations of Terengganu and Pahang by gene input from external sources such habitat structure. The genetic diversity of the Spathoglottis population could in part be due to different rainfall distribution (Nieuwolt, l982) in the three regions: Kedah rainfall is low compare to the much heavier rainfall in the other two regions, Terengganu and Pahang. In the latter two, the Spathoglottis plicata was present with two and three genotypes; this could be due to the higher levels of humidity and moisture in these regions. The climate in the Northern region, on the other hand, has a longer dry period. One more factor that may have influences genetic diversity, or the relative lack of it, is geographical isolation. Notably, the northern population of Spathoglottis plicata is located in Gunung Jerai, at 1000-1500 metres above sea level. This population may have been geographically isolated for a long period and this isolation could be one of the major factors influencing genetic differentiation and limiting the amount of gene flow. The Southern region population, on the other hand, may be topologically identical where it clustered together genetically. The UPGMA clustered the Pahang and Terengganu populations into two groups, but the STRUCTURE analysis divided the Pahang population into three clusters. This could account for the overlapping of individuals from different populations and the lack of correlation between genetic distance and geographic distance. Gene differentiation and gene flow are important indices to estimate the population genetic structure of a species. Gene flows between populations and levels of migration could prevent continued divergence between populations (Wright, 1951 ). The breeding system of the Spathoglottis species by cross-pollination and the fact that its seeds can dispersed very long distances by wind could be an important factor, resulting in possibilities for geographical isolation population in Northern and Southern region and a sign of gene flow hybridization within the Pahang and Terengganu population. Genetic diversity within and between populations is a function of historical events and recent evolutionary processes. Due to our limited knowledge of the evolutionary history and ecology of the Spathoglottis species, explanations of the levels and patterns of genetic diversity within and between populations rely primarily on inferences from molecular data. This data could however be further studied to deepen our understanding of the causes of the genetic makeup of the various Spathoglottis plicata populations. Spathoglottis plicata is an endangered orchid species, classified under Appendix II of the CITES because of its indiscriminate extraction. The increased information on its genetic variation gained through this study could help to guide the conservation of this endangered species (Avise and Hamrick, 1996) . Changes in the environment could be a critical factor in genetic variation (Frankel and Soule, 1981) . In order to preserve the species in future, and enhance its ability to adapt to environmental changes, there should be a sustained and structured programme for genetic conservation, focusing on maintaining the overall genetic diversity of the species (Fischer and Matthies, 1998; Petit et al., 1998 and Fischer et al., 2000) . However, a better understanding first needed of the distribution of genetic variation within the gene pool (Qamaruz-zaman et al., 1998) . The authors of this study believe that AFLP provides an efficient method for a first assessment of genetic diversity and variation in Spathoglottis plicata. Qamaruz-zaman et al. (1998) used AFLP to decipher the genetic structure of endangered orchid species of Orchissimia in the UK, leading to effective conservation management and a higher effective population size. Pfeifer and Jetschke (2006) also used AFLP for genetic diversity and genetic differentiation within Himantoglossum hircinum.
Materials and Methods
Sample collection
Our sampling consisted of five wild populations of Spathoglottis plicata located in Peninsular Malaysia (Fig 1) , and one vegetatively propagated population obtained from the Selangor Orchid Nursery as control samples. A total of 25 to 30 individuals were sampled in each location by collecting leaf material. In total, 172 accessions from the six populations were sampled (Table 1) .
DNA extraction
Genomic DNA of the Spathoglottis extracted from fresh leaf material using a Qiagen DNeasy plant mini kit (Qiagen, Germany) according to the manufacturer's instructions. DNA concentration measured using a NanoDrop ND-1000 Spectrophotometer (ISOGEN Lifescience). The quality checked by electrophoresis on a 0.8% agarose gel in tris-borate-EDTA (TBE) buffer.
Amplified Fragment Length Polymorphism (AFLP) protocol
The AFLP method conducted according to Vos et al. (1995) with some modifications. Genomic DNA ( Selective amplification was carried out in 10 µl reaction volume containing 50 ng unlabelled Mse-primer, 1 pmol/µl IRD (700 or 800)-labelled Eco-primer, 5 mM dNTPs, 1 X Dream Taq buffer, 0.2 U/µl Dream Taq and 5 µl of diluted preamplification product.
The PCR profile was a touchdown PCR carried out in a Gene Amp PCR System 2700 (AB Applied Biosystems, USA) starting at 94ºC for 5 min, followed by 12 cycles denaturation at 94ºC for 30 seconds, 65-56ºC annealing for 30 seconds, with a decrease of 0.7ºC for each cycle; a 72ºC extension for 60 seconds; then continuing with 24 cycles at 94ºC for 30 seconds, 56ºC annealing for 30 seconds, 72ºC extension for 60 seconds and a final incubation at 72ºC for 7 min. Meanwhile, the amplified fragments were separated on a 6.0% denaturing polyacrylamide gel (Long Ranger) mix with Tetramethylethylenediamine (TEMED) and 10% APS, following which they were analysed on a Li-Cor 4300 DNA analyzer (Li-Cor Biosciences, Lincoln, NE, USA). A total of 56 AFLP primers were initially screened. However, eleven EcoRI + 3 base/MseI + 3 base primer sets which showed clearly scorable and highly polymorphic fragments (Table 2) were selected for the fluorescent AFLP reactions in all the 172 samples of six Spathoglottis plicata populations.
Data analysis
The AFLP profiles (polymorphic bands) manually scored from Li-Cor Tiff images as present (1) and absent (0) as band (binary) data ranging from 40 to 300 bp. The analysis of the AFLP markers based on the assumption that the AFLP is a dominant marker, with dominant alleles coding at the present band at the given locus and a recessive null-allele coding for the absence of a band. A statistical analysis between and within the six investigated Spathoglottis plicata populations was carried out using analysis of molecular variance (AMOVA-PREP 1.01) (Miller, 1998) , (AMOVA 1.55) (Excoffier et al., 1992) , Paleontological Statistics (PAST) version 2.03 (Hammer et al., 2001) and STRUCTURE 2.3.3 (Pritchard et al., 2010) . Pairwise genetic distances within the six investigated populations and their level of significance were estimated using an AMOVA with 1,000 permutations. A cluster analysis was performed using the unweighted pair group method with arithmetic mean analysis (UPGMA), based on Jaccard's coefficient of similarity for pairwise of all individuals of the six populations. A dendrogram was drawn of the six Spathoglottis plicata populations using Paleontological Statistics (PAST) version 2.03. Bootstrap values (based on 1000 resamplings) were used to estimate the reliability of the clustering pattern. STRUCTURE 2.3.3 was also used to test which accessions might contain one or more genetic units, via the Bayesian population clustering approach. Markov Chain Monte Carlo (MCMC) simulations were used to numerically approximate the posterior distributions. A Structure computation was carried out in 5 replicates for each user-defined K value from 1 to 6, with a burn-in period of 60,000 iterations and MCMC sampling run of 300,000 iterations. The admixture model estimates the proportion of each accession genome that descended from each of the K inferred groups. The model choice criterion implemented in STRUCTURE aimed to detect the true K by estimating the posterior probability of the data for a given K, Pr (X|K) (Pritchard et al., 2000) . The true number of populations (K) is often identified using the maximum value of L(K) returned by the structure (Zeisset and Beebee, 2001; Ciofi et al., 2002; Vernesi et al., 2003; Hampton et al., 2004) . However, in most simulations, once the real K is reached, L(K) at larger Ks plateaus or continues increasing slightly (a phenomenon mentioned in the STRUCTURE manual, Pritchard and Wen, 2003) and the variance between runs increases. Estimating the K number of the ancestral genetic populations and the ancestry membership proportions of each individual in these clusters were done based on the Evanno method (Evanno et al., 2005) . Different runs can produce different likelihood values and different calculations on the data sets carried out to quantify the amount of variation of the likelihood for each K. The true number of K groups was determined by plotting the mean likelihood of K [L(K)( ±SD)]; the rate of change of the likelihood distribution (mean ±SD) calculated as L'(K) = L(K) -L(K-1); absolute values of the second order rate change of the likelihood distribution (mean ±SD): calculated according to the formula |L"(K)| = |L'(K+1) -L'(K)| and Delta K calculated as ∆K=m|L"(K)|/s|L(K)|.
Conclusion
Spathoglottis plicata are wild orchids about which little is known on their distribution, adaptation or genetics in Malaysia. The populations studied showed significant variation, indicating possible gene flows, but there were also signs of isolation through distance between these populations in line with their geographical ranges. The data from this study should provide a good basis for further research on conservation planning for this endangered species, taking into account the significant variations discovered between populations, which points to a lack of gene flow between them. This could further tested to implement the traceability of the species necessary for a worldwide management guide and to stimulate further research on the species. Specifically, our discovery of the existence of three sub clusters within Peninsular Malaysia should help support further efforts in conservation management by the forest authorities in order to protect this species. This is vital, as industrialization will continue to affect forest area coverage, and this type of data could be pivotal in ensuring the survival of this species in the future.
